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Abstract
I study the space-time evolution of transverse flow and effective temperatures in the dense
parton phase with the string melting version of a multi-phase transport model. Parameters
of the model are first constrained to reproduce the bulk data on the rapidity density, pT
spectrum and elliptic flow at low pT for central and mid-central Au+Au collisions at 200A
GeV and Pb+Pb collisions at 2760A GeV. I then calculate the transverse flow and effective
temperatures in volume cells within mid-spacetime-rapidity |η| < 1/2. I find that the effective
temperatures extracted from different variables, which are all evaluated in the rest frame of
a volume cell, can be very different; this indicates that the parton system in the model is
not in full chemical or thermal equilibrium locally, even after averaging over many events. In
particular, the effective temperatures extracted from the parton energy density or number
density are often quite different than those extracted from the parton mean pT or mean
energy. For these collisions in general, effective temperatures extracted from the parton
energy density or number density are higher than those extracted from the parton mean pT
in the inner part of the overlap volume, while the opposite occurs in the outer part of the
overlap volume. I argue that this indicates that the dense parton matter in the inner part of
the overlap volume is over-populated; I also find that all cells with energy density above 1
GeV/fm3 are over-populated after a couple of fm/c.
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I. INTRODUCTION
A dense matter consisting of partonic degrees of freedom, often called the quark-
gluon plasma (QGP), has been created in ultra-relativistic heavy ion collisions at the
Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC). Its prop-
erties such as the color glass condensate initial condition, the degree of equilibration,
event-by-event fluctuations, and coupling with high-momentum partons are being ex-
tensively studied [1–4]. Simulations of these collisions with hydrodynamic codes [5–8],
transport models [9–11], or hybrid models [12–14] are able to produce the full evo-
lution history of dense matter and are very useful for the studies of the quark-gluon
plasma properties. In this paper I investigate the evolution of the parton matter at
mid-spacetime-rapidity, including its transverse flow and effective temperatures. The
string melting version of the AMPT model [10] is used here, where excited hadronic
strings in the overlap volume are converted into partons via the intermediate step of
decomposing hadrons that would have been produced by the Lund string fragmentation
process [10, 15].
The default version of the AMPT model [16, 17] was first constructed to simulate
relativistic heavy ion collisions, and its key parameters were determined to fit the
yields and pT spectra of particles in pp collisions at various energies and heavy ion
collisions up to SPS energies. Hadronization in the default AMPT model is described
by the Lund string model [18], where one assumes that a string fragments into quark-
antiquark pairs with a Gaussian distribution in transverse momentum. Hadrons are
formed from these quarks and antiquarks, with its longitudinal momentum given by
the Lund symmetric fragmentation function f(z) ∝ z−1(1− z)a exp(−b m2T/z), where
z represents the light-cone momentum fraction of the produced hadron with respect
to that of the fragmenting string and mT is the transverse mass of the hadron. It
was found [16, 17] that the default HIJING values for the Lund string fragmentation
parameters (a = 0.5 and b = 0.9 GeV−2), which work well for pp collisions, led to
too small a charged particle yield in central Pb+Pb collisions at the SPS energy of
ELAB = 158A GeV. Therefore modified values of a = 2.2 and b = 0.5 GeV
−2 were used
in order to fit the charged particle yield in Pb+Pb collisions at SPS. For heavy ion
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collisions at higher energies such as RHIC energies, the default version of the AMPT
model with these parameters values was found to reasonably fit dN/dη, dN/dy and
the pT spectra in heavy ion collisions, although it under-estimates the elliptic flow. On
the other hand, the string melting version of the AMPT model (AMPT-SM) [10, 15],
due to its dense parton phase, reasonably fits the elliptic flow and two-pion HBT in
heavy ion collisions; but it does not reproduce well dN/dη, dN/dy and the pT spectra
(when using the same parameters as in the default version). In particular, the AMPT-
SM model significantly over-estimates the charged particle yield while under-estimates
the slopes of the pT spectra [10]. In an earlier attempt to reproduce data in Pb+Pb
collisions at LHC energies with the AMPT-SM model, the default HIJING values for
the Lund string fragmentation parameters were used [19] together with the strong
coupling constant αs = 0.33 (instead of 0.47); there the model reasonably reproduced
the yield and elliptic flow of charged particles but underestimated the pT spectrum
(except at low pT).
In this study I use the AMPT-SM model to study the evolution of the dense par-
ton phase. I first tune the key parameters of the model to reproduce the pion and
kaon yields, pT spectra, and elliptic flows at low pT (below ∼ 2 GeV/c) in central and
mid-central Au+Au collisions at the RHIC energy of 200A GeV and Pb+Pb collisions
at the LHC energy of 2760A GeV. I then study the evolution of transverse flow and
effective temperature in the parton phase. In the analysis, the reaction volume within
|η| < 1/2 is divided into cells with a transverse width of 1 fm. In order to have enough
statistics for the analysis of each volume cell, I choose to study event-averaged quanti-
ties and thus neglect event-by-event fluctuations in this study. For each collision energy
and centrality, I run hundreds to thousands of events at the same impact parameter
range and then calculate event-averaged quantities at functions of time and transverse
location. Note that the AMPT-SM model assigns a formation time to each parton
produced from string melting [10], and only partons that have formed by a global time
t are included in the analysis for that time. The full space-time evolutions of the parton
matter from this study have been posted online 1 and may be used as the bulk matter
1 Grid data files of the space-time evolution of the parton matter from this study have been posted
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background within which other probes such as jet propagation and interactions can be
studied [22, 23].
II. FITTING THE BULK DATA WITH THE STRING MELTING VERSION
OF AMPT
Since the purpose of the study is to obtain the space-time evolution of the dense
parton matter, I first constrain the model parameters by fitting low pT data in heavy
ion collisions at RHIC and LHC energies. To fit the low pT data in central and mid-
central Au+Au collisions at the top RHIC energy, I find that I need to set the values
of the Lund string fragmentation parameters to a = 0.55, b = 0.15 GeV−2. Note that I
use a lower b value than in previous studies [10, 15–17, 19] in order to simultaneously fit
the rapidity density, pT spectrum and elliptic flow of pions and kaons at low pT with the
string melting version of the AMPT model. Also note that the effective string tension,
as given by κ ∝ 1/[b(2 + a)] [10], will change when the Lund string fragmentation
parameters are modified; and a smaller b value will lead to a larger mean transverse
momentum of the initial hadrons. In addition, the AMPT model assumes that the
relative production of strange to non-strange quarks increases with the effective string
tension [10]. Since the above string tension relation diverges as b → 0 and this study
uses a small b value to enable the AMPT-SM results to fit the data, I put an upper
limit of 0.40 on the relative production of strange to non-strange quarks in AMPT. For
Pb+Pb collisions at the LHC energy, I use a = 0.30 (and b = 0.15 GeV−2) in order
to fit the ALICE data [24]. I take αs = 0.33 and a parton cross section of 3 mb for
all simulations in this study. There may be other AMPT parameter sets that could
reasonably fit the data. For example, I find that the Lund a value of 0.55 used for
fitting the RHIC data gives a reasonable but less satisfactory fit of the ALICE data
than the a value of 0.30. One may also use a lower value of the strong coupling αs at
LHC than at RHIC [3] and tune other AMPT parameters to obtain such a simultaneous
fit to data.
[20]; the link has also been posted at the JET Collaboration wiki page [21].
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FIG. 1: (Color online) AMPT-SM results for central and mid-central Au+Au collisions at
200A GeV and Pb+Pb collisions at 2760A GeV in comparison with experimental data for
0-5% and 20-30% centralities: a) dN/dy of pi+, and b) dN/dy of K+.
The AMPT-SM results shown in this study include four collision systems: RHIC
central refers to Au+Au events at 200A GeV with b < 3 fm that represent the 0-5%
centrality, RHIC mid-central refers to Au+Au events at 200A GeV with b = 7.3 fm
that represent the 20-30% centrality [25], LHC central refers to Pb+Pb events at 2760A
GeV with b < 3.5 fm that represent the 0-5% centrality, and LHC mid-central refers
to Pb+Pb events at 2760A GeV with b = 7.8 fm that represent the 20-30% centrality
[26]. Since each volume cell within |η| < 1/2 has a transverse width of 1.0 fm along
both the x- and y-axis, the cell at x = 3 fm & y = 0 fm then refers to the volume
within 2.5 < x < 3.5 fm & −0.5 < y < 0.5 fm & |η| < 1/2, for example.
The comparisons between AMPT-SM results and the experimental data on particle
dN/dy are shown in Fig. 1a for pi+ and in Fig. 1b for K+, where we see good agreements
between the model results and the PHENIX [27] and ALICE data [24] at mid-rapidity
in both central and mid-central events at RHIC and LHC energies. Reasonable agree-
ments are also seen in comparison with the BRAHMS [28] data at different rapidities
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FIG. 2: (Color online) pT spectra of pi
+ and K+ at mid-rapidity in central collisions from
AMPT-SM in comparison with experimental data for 0-5% centrality.
in 0-5% central Au+Au collisions at 200A GeV. The comparisons of the pi+ and K+
pT spectra at mid-rapidity are shown in Fig. 2a and Fig. 2b respectively for central
Au+Au collisions at the RHIC energy and central Pb+Pb collisions at the LHC energy,
where the model roughly reproduces the observed pT spectra below 2 GeV/c.
Fig. 3 shows the comparisons of v2{EP} of charged pions and kaons. We see that
the AMPT-SM model is also able to roughly reproduce the pion and kaon elliptic flow
data on v2{EP} [29] at low-pT. Note that the correction factor for the event plane
resolution Res{2Φ2} [30] in the AMPT-SM results is calculated using particles within
rapidities −2.8 < y < −1 and within 1 < y < 2.8.
III. SPACE-TIME EVOLUTION OF TRANSVERSE FLOW
For each volume cell within |η| < 1/2, I calculate the flow as ~β = (∑i ~pi) / (∑iEi),
where the sum over index i takes into account all formed partons in the cell from all
events of a given collision system. Fig. 4 shows the time evolutions of the transverse flow
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FIG. 3: (Color online) Elliptic flow v2{EP} at mid-rapidity in mid-central collisions from
AMPT-SM (curves without circles) in comparison with experimental data for 20-30% cen-
trality (circles): a) for charged pions, and b) for charged kaons.
of partons in two cells in central Au+Au collisions at 200A GeV: one cell at x = 3 fm
& y = 0 fm and the other cell at x = 7 fm & y = 0 fm. The flows along the y-direction
in both cells here are essentially zero due to the symmetry after averaging over many
events. For the flow along the x-direction, however, we see that both the profile and
magnitude depend significantly on the location even for these central collisions: the
flow in the cell closer to the center of the overlap volume develops gradually and then
decreases at later times, while the flow in the cell farther away from the center develops
very fast and reaches a bigger magnitude. Note that in the AMPT model the centers
of the two incoming nuclei are essentially at x = b/2 & y = 0 fm and x = −b/2 & y = 0
fm, respectively. As a result, the center of the overlap region of each Au+Au or Pb+Pb
event is at x = 0 fm & y = 0 fm, when event-by-event fluctuations are neglected or
when the calculation averages over many events at the same impact parameter.
Fig. 5 shows transverse flows along the x-direction in cells within −0.5 < y < 0.5 fm
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FIG. 4: (Color online) Transverse flow of partons in the cell at x = 3 fm & y = 0 fm and in
the cell at x = 7 fm & y = 0 fm as functions of time in central Au+Au collisions at 200A
GeV.
at different locations along the x-axis at various times in central Au+Au collisions at
RHIC. We see that the flow is initially very small at the early time t = 0.2 fm/c and
then develops rather fast, while for the inner part of the overlap region (−4 < x < 4 fm)
the flow decreases appreciably later in the evolution (after t ∼ 8 fm/c). We also see
that in general the flow magnitude is bigger the further away from the overlap center
in these central collisions regardless of time t shown in the figure.
IV. SPACE-TIME EVOLUTION OF TEMPERATURE
Partons in a given volume of a heavy ion collision, even after being averaged over
many events at the same impact parameter, may not be in full thermal equilibrium or
full chemical equilibrium. If this is the case, the “temperature” for such a local parton
system will only be an effective temperature, which value depends on the variable that
it is extracted from. In this study I use different variables in the rest frame of a cell,
such as the parton mean pT, number density and energy density, to extract the effective
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FIG. 5: (Color online) Flow along the x-direction as functions of x at different times in cells
within −0.5 < y < 0.5 fm in central Au+Au collisions at 200A GeV.
temperature of partons in the cell.
To extract the effective temperature from the mean momentum of partons in the
rest frame of a cell, I use the relations for a massless parton gas in thermal equilibrium
as given by the Boltzmann distribution to get
T〈p〉 =
〈p〉
3
, T〈pT〉 =
4 〈pT〉
3pi
, T〈p2T〉 =
√
〈p2T〉
8
. (1)
In the above, the bracket represents the mean value of a variable, p represents the
magnitude of the parton 3-momentum, and pT represents the parton transverse mo-
mentum. Note that quark masses in the parton phase of the AMPT model are current
quark masses [10]. Also, the parton phase in the AMPT model does not include the
effect of quantum statistics, and the Boltzmann distribution is assumed in the formulae
and corresponding curves in this study unless specified otherwise.
I also extract the effective temperature from the number density or energy density
of partons in the rest frame of a cell. For this purpose I use the following relations
between the densities and temperature T for a massless quark-gluon plasma in full
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chemical and thermal equilibrium as given by the Boltzmann distribution:
n = gB
T 3
pi2
, T = 3gB
T 4
4pi
,  = 3gB
T 4
pi2
. (2)
In the above, n is the parton number density, T is the transverse energy density,  is
the energy density, gB ≡ 4(4 + 3Nf ) is the total degeneracy factor of QGP when using
Boltzmann distributions, and Nf represents the number of relevant quark flavors. I
then have the following equations for the corresponding effective temperatures:
Tn = 168.MeV
(
n fm3
1 + 3Nf/4
)1/3
,
TT = 212.MeV
(
T fm
3/GeV
1 + 3Nf/4
)1/4
,
T = 199.MeV
(
 fm3/GeV
1 + 3Nf/4
)1/4
. (3)
I use the above relations to extract effective temperatures, and I take Nf = 3
throughout this study. Note that using Bose-Einstein and Fermi-Dirac distributions
for a massless quark-gluon plasma would lead to n = (16 + 9Nf )ζ(3)T
3/pi2 and
 = pi2(16 + 10.5Nf )T
4/30, where ζ(3) ' 1.20 is a Riemann zeta function. For Nf = 3
they would give n ' 5.24T 3 and  ' 15.6T 4, which are very close to the relations
n ' 5.27T 3 and  ' 15.8T 4 when the Boltzmann distribution is used for massless
partons as done in Eqs. (2-3).
A. Time evolution of parton densities and mean momentum
I first examine the parton variables evaluated in the rest frame of the cells, which
I shall use to extract the effective temperatures. The left panel of Fig. 6 shows the
time evolutions of different variables in the center cell (at x = 0 fm & y = 0 fm) in
central Au+Au collisions at 200A GeV; they include the parton energy density (filled
circles), number density (solid curve), mean pT (open circles), mean transverse energy
(dashed curve), and mean energy 〈E〉 (dot-dashed curve). The parton number density
is seen to decrease much faster with time than the parton mean pT or mean energy here.
Consequently the parton energy density decreases even faster with time than the parton
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FIG. 6: (Color online) AMPT-SM results for partons in the rest frame of the center cell in
central Au+Au collisions at 200A GeV: a) time evolutions of the energy density, number
density, mean pT, mean transverse energy, and mean energy; and b) time evolutions of
effective temperatures extracted from different variables.
mean energy, which is expected since  ≡ n 〈E〉. We also see that the mean pT and
mean transverse energy are essentially the same at early times, and then they separate
at late times when parton mass (especially the strange quark mass) plays a bigger role
as the mean pT becomes smaller. Furthermore, the amount by which the parton mean
energy is above the mean transverse energy reflects the contribution from the squared
longitudinal momentum p2z of partons under consideration (i.e. within |η| < 1/2). In
addition, the two dotted lines in the left panel of Fig. 6 show the parton energy density
and number density when all partons (including unformed partons) are included. We
see that unformed partons contribute little to the energy density and number density
except for the earliest stage (t < 0.4 fm/c for partons at mid-spacetime-rapidity in this
study), and their relative contribution to the energy density is less than that to the
number density since the average formation time of hard partons is shorter than that
of soft partons in the string melting version of the AMPT model [10].
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B. Time evolution of effective temperatures
The right panel of Fig. 6 shows time evolutions of effective temperatures extracted
from different variables via Eqs. (1-3) for the center cell in central Au+Au collisions
at 200A GeV. Here we see that the effective temperatures extracted from the parton
energy density (filled circles), number density (solid curve), and transverse energy
density (dashed curve) are all significantly higher than those extracted from the shown
mean momentum variables, i.e., those extracted from the parton mean pT (open circles),
mean p2T (dotted curve), and mean 3-momentum (dot-dashed curve). If the local parton
system in this cell were in full chemical and thermal equilibrium, temperature values
extracted from these different variables at a given time would all be the same and we
would only see one curve. Thus the different effective temperatures reflect the non-
equilibrium nature of the local parton system. We also see that effective temperature
T extracted from the parton energy density is very close to TT that is extracted
from the parton transverse energy density throughout the time evolution. While the
effective temperature T〈pT〉 extracted from the parton mean pT is very close to T〈p2T〉
that is extracted from the parton mean p2T, it is higher than T〈p〉 (extracted from the
parton mean 3-momentum) at early times and then lower than T〈p〉 at late times. This
suggests that the mean squared longitudinal momentum p2z is lower than the mean
squared momentum along a transverse direction at early times but higher than that
at later times; this is consistent with an earlier study on the pressure anisotropy in
the AMPT model [31], where the ratio of the longitudinal pressure over the transverse
pressure starts initially below one but then quickly exceeds one after a time of several
fm/c. Recently pressure anisotropy has also been considered within the hydrodynamic
framework [32–34].
From the right panel of Fig. 6, we also observe that T is mostly between T〈pT〉 and
Tn, the effective temperature extracted from the parton number density, while being
close to Tn. This can be understood in the following. Relation T = n 〈ET〉 gives
T 4T = T
3
n T〈ET〉. (4)
Since TT ' T as shown in the right panel of Fig. 6 and at high densities 〈ET〉 ' 〈pT〉
12
as shown in the left panel of Fig. 6, I can write
T 4 ' T 3n T〈pT〉. (5)
I find that the above relation for T is a good approximation at high densities: for all
cells within |η| < 1/2 in all four collisions systems that I considered, the actual T value
is found to be always within 6% of the value as given by Eq. (5) if T > 100 MeV in
the cell.
FIG. 7: (Color online) AMPT-SM results on effective temperatures as functions of time for
the center cell in a) Pb+Pb collisions at 2760A GeV, and b) Au+Au collisions at 200A GeV.
Fig. 7 shows the time evolutions of T and T〈pT〉 in the center cell in these different
collisions, and we see T > T〈pT〉 in each case. It is also seen that the initial temperature
T (and T〈pT〉) in mid-central collisions is similar to that in central collisions at the same
energy, but the temperature in mid-central collisions decreases faster with time. On the
other hand, the initial temperature T (and T〈pT〉) in LHC collisions is higher than that
in RHIC collisions at the same centrality, but the shape of the temperature evolution
with time looks similar at these two energies.
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FIG. 8: (Color online) AMPT-SM results on effective temperatures as functions of time for
the cell at x = 7 fm & y = 0 fm in central Au+Au collisions at 200A GeV; the dot-dashed
curve represents the flow magnitude (multiplied by 100) in the cell.
I have also checked the relation between T extracted from the parton energy density
in the rest frame of the cell and T c.m. , which is the “apparent” temperature if one
simply converts the energy density of the cell in the center-of-mass (c.m.) frame into
temperature using Eq. (3). Fig. 8 shows the time evolutions of T (filled circles) and
T c.m. (dotted curve) in the cell at x = 7 fm & y = 0 fm in central Au+Au collisions
at 200A GeV, where the “apparent” temperature T c.m. is much higher than T after
1 fm/c. For a volume cell that can be described by energy density  and pressure P ,
the energy density  in its rest frame is related to the energy density c.m. in the c.m.
frame by
c.m. = γ2(+ P )− P, (6)
where γ is the Lorentz factor for the moving cell in the c.m. frame. Using P = /3 for
a massless parton gas, I get
 = c.m.
(
3
4γ2 − 1
)
,
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T expected = T
c.m.

(
1− β2
1 + β2/3
)1/4
, (7)
where β is the magnitude of the flow of the cell in the c.m. frame. Using the flow
magnitude β shown as the dot-dashed curve in Fig. 8, Eq. (7) gives T expected (the
expected value of T) as the dashed curve, which is very close to the actual T calculated
directly from the energy density in the rest frame of the cell. The small difference
between T and T
expected
 may come from the fact that partons are not massless and
that pressures along different axes are not fully isotropicalized during the evolution
[31, 35].
C. Spatial dependence of effective temperatures
I now look at how the effective temperatures depend on location in the overlap
volume. Fig. 9 shows how T and T〈pT〉 change with location along the impact parameter
axis at different times: t = 0.2 and 2.0 fm/c. In both central Pb+Pb collisions at 2760A
GeV and mid-central Au+Au collisions at 200A GeV, we see that the initial effective
temperatures T〈pT〉 at t = 0.2 fm/c change little over most of the overlap volume. We
also see that T > T〈pT〉 over the inner part of the overlap volume, e.g., within |x| < 6
fm for central Pb+Pb collisions at 2760A GeV and within |x| < 3 fm for mid-central
Au+Au collisions at 200A GeV at t = 0.2 fm/c. Note that, in order to limit the
statistical fluctuations, volume cells that have less than 20 partons after summing over
simulated events are not shown in Figs. 9-10.
The spatial dependences of effective temperatures T and T〈pT〉 in three different
collision systems are shown in Fig. 10a for t = 0.2 fm/c and in Fig. 10b for t = 5.0
fm/c. From Fig. 10a I find that the initial effective temperatures T〈pT〉 for central and
mid-central Pb+Pb collisions at 2760A GeV are almost the same in the overlap volume
except that the spatial width is smaller for mid-central collisions. In contrast, the initial
effective temperatures T for central LHC collisions are higher and much wider in spatial
width than those in mid-central LHC collisions. These features are also seen in results
at the RHIC energy. Furthermore, although the initial temperatures T in mid-central
Pb+Pb collisions at 2760A GeV are higher than those in central Au+Au collisions at
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FIG. 9: (Color online) AMPT-SM results on effective temperatures in cells along the impact
parameter at t = 0.2 and 2.0 fm/c: a) for central Pb+Pb collisions at 2760A GeV, and b)
for mid-central Au+Au collisions at 200A GeV.
200A GeV in the inner part of the overlap volume, the width of T along the impact
parameter axis is smaller. From Fig. 10b one sees that the effective temperature T at
t = 5.0 fm/c for central LHC collisions are overall significantly higher than the other
collisions systems. In addition, temperatures T (and T〈pT〉) at t = 5.0 fm/c are mostly
similar for mid-central Pb+Pb collisions at 2760A GeV and central Au+Au collisions
at 200A GeV, suggesting that the lifetime of the quark-gluon plasma is similar in these
two collision systems.
D. Over-population of partons
We have already seen from Figs. 9-10 that T > T〈pT〉 over the inner part of the
overlap volume in these high energy heavy ion collisions, and this is essentially due
to Tn > T〈pT〉 according to Eq. (5). This reflects the fact that the parton system
in a subvolume of the overlap region in such a collision, even after being averaged
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FIG. 10: (Color online) AMPT-SM results on effective temperatures in cells along the impact
parameter for different collisions: a) at t = 0.2 fm/c, and b) at t = 5.0 fm/c.
over many events at the same impact parameter, is not in full chemical equilibrium
as defined for an ideal quark-gluon plasma. The relation Tn > T〈pT〉 means that for
the parton number density we have n > n(T〈pT〉), where n(T〈pT〉) is the parton number
density expected for a quark-gluon plasma in full chemical equilibrium at temperature
T〈pT〉. For example, T ∼ 1.7 T〈pT〉 in Figs. 9a for x = 0 fm at t = 0.2 fm/c in central
LHC collisions means that, according to Eq. (3) and the approximation of Eq. (5),
n ∼ 1.74 n(T〈pT〉) ' 8.4 n(T〈pT〉) for that center cell at that time. Later at t = 5.0
fm/c, we see in Figs. 9b that T ∼ 1.44 T〈pT〉, which gives n ∼ 4.3 n(T〈pT〉) at that time.
Therefore one may say that the parton system in that subvolume is over-populated, in
that the parton density is too high compared to that expected for an ideal QGP that
has the same parton mean transverse momentum.
To further illustrate this, I calculate the phase-space density of partons. In terms
of the magnitude of parton 3-momentum in the rest frame of a cell, I have
f(p) ≡ (2pi)3 dN
d3xd3p
= 2pi2
dN/d3x
p2dp
. (8)
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FIG. 11: (Color online) Phase-space distribution of partons in the center cell in central
Pb+Pb collisions at 2760A GeV versus momentum p (solid curves) or versus pT at mid-
rapidity (dashed curves) a) at t = 0.2 fm/c, and b) at t = 5.0 fm/c. Circles represent results
from the AMPT-SM model, curves with squares represent an ideal QGP at temperature
T〈pT〉, solid and dashed curves without symbols represent an ideal QGP at temperature T,
and dotted curves represent an ideal QGP at temperature T with quantum statistics.
I also calculate the phase-space density in terms of parton pT at a given rapidity y in
the rest frame of a cell, where one can write
f(pT, y) = 4pi
2 dN/d
3x
pTdpTdpz
. (9)
I choose mid-rapidity partons, i.e., partons within |y| < 1/2 in the rest frame of the cell.
By approximating the parton system as massless, which is a reasonable approximation
when the temperature is high (see left panel of Fig. 6), I obtain
f(pT,mid−y) ' 4pi2 dN/d
3x
pTdpT∆pz
' 4pi
2
2 sinh(1/2)
dN/d3x
p2TdpT
, (10)
where ∆pz represents the longitudinal momentum range under consideration. For com-
parison, the expected phase-space distribution for an ideal QGP at temperature T is
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given by
fQGP(p) = gBe
−E/T ' gBe−p/T , fQGP(pT, y) = gBe−mT cosh(y)/T , (11)
when the Boltzmann distribution is used for partons that are assumed to be massless.
I then make the following approximation for mid-rapidity:
fQGP(pT,mid−y) ' gBe−pT cosh(1/4)/T . (12)
The AMPT-SM results for the center cell at two different times in central Pb+Pb
collisions at 2760A GeV are shown in Fig. 11, in comparison with the expected phase-
space distributions for an ideal QGP at the corresponding temperature T (548 MeV
at t = 0.2 fm/c and 199 MeV at t = 5 fm/c) or T〈pT〉 (322 MeV at t = 0.2 fm/c and
138 MeV at t = 5 fm/c). We first see that the AMPT-SM results (curves with circles)
and the expected curves for an ideal QGP at temperature T〈pT〉 (curves with squares)
at a given time have a similar overall slope. This reflects the fact that the effective
temperature T〈pT〉 is only determined by the parton mean pT in the cell; it also indicates
that the pT distribution of partons in the subvolume here is not too far from a thermal
distribution. In the meantime, the AMPT-SM curves are much higher in magnitude
than the ideal QGP curves at temperature T〈pT〉, suggesting that the parton matter is
over-populated by a large factor. When compared with the expected distributions for
an ideal QGP at temperature T (solid and dashed curves without symbols), partons
in the AMPT-SM results are still over-populated below a given value of pT or p. This
value is smaller at a later time as shown in Fig. 11: partons in that center cell are seen
to be over-populated below pT ' 1.4 GeV/c at t = 0.2 fm/c but below pT ' 0.6 GeV/c
at t = 5 fm/c, when compared with an ideal QGP at temperature T.
From Fig. 11 we see that the phase-space distributions in momentum p or pT are
quite close to each other. At zero-momentum, both fQGP(p) and fQGP(pT,mid−y)
approach the value gB = 52 (the degeneracy factor of QGP for Nf = 3) for an ideal
QGP with Boltzmann statistics. Considering Fermi-Dirac statistics, the phase-space
densities of quarks and anti-quarks are bound to be below one for each degree of freedom
due to the Pauli exclusion principle, therefore the phase space density contributed from
quarks and anti-quarks must be below 12Nf = 36 (their total degeneracy factor for
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Nf = 3) regardless of temperature. Therefore the high phase-space densities above
this value shown in Fig. 11 cannot be explained by a full population of the phase space
by quarks and antiquarks. It cannot be explained by the Bose-Einstein distribution
of gluons in an ideal QGP either. Dotted curves in Fig. 11 represent the expected
quantum phase-space distributions at temperature T when Bose-Einstein and Fermi-
Dirac distributions are used for a massless quark-gluon plasma:
f quantumQGP (p) =
16
ep/T − 1 +
12Nf
ep/T + 1
. (13)
For an ideal QGP, we see that the expected quantum phase-space densities are very
close to the expected Boltzmann densities except at very low pT, and the AMPT-
SM results are still much higher than the quantum phase-space densities except at
extremely low pT. Since there is no bound for the gluon phase-space densities due to
quantum statistics, one may argue that the high density regions as shown in Fig. 11
indicate that at least gluons are over-populated there. This may be analogous to the
glasma produced from the color-glass-condensate [2, 36].
Therefore, when the parton system in a volume cell satisfies n > n(T〈pT〉), I consider
partons in that cell as being over-populated relative to an ideal QGP at temperature
T〈pT〉. So I use the AMPT-SM results to investigate regions within |η| < 1/2 that
have over-populated partons. I first define a “critical” temperature Tc above which
a dense matter can be considered as being well inside the QGP phase, then a cell
that satisfies the condition T > Tc is called a QGP cell, and a QGP cell that also
satisfies the condition T > T〈pT〉 is called an over-populated cell. In this study I take
Tc = 150 MeV, which corresponds to a “critical” energy density c = 1.05 GeV/fm
3 for
Nf = 3 as given by Eq. (3).
Fig. 12 shows the transverse locations of QGP cells (i.e. with T > Tc) and over-
populated cells (i.e. with T > Tc and T > T〈pT〉) in mid-central Pb+Pb collisions
at 2760A GeV. We can see that at t = 0.2 fm/c the initial extension of QGP cells
(filled circles) along the y-axis is bigger than that along the x-axis due to the spatial
asymmetry in mid-central collisions. More that half of these QGP cells are over-
populated at this early time, as indicated by filled squares, and they are located in
the inner part of the overlap volume. Later at t = 3.0 fm/c, QGP cells that are over-
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FIG. 12: (Color online) For partons within |η| < 1/2 in mid-central Pb+Pb collisions at
2760A GeV, filled circles represent the center locations in the transverse plane for QGP cells
at t = 0.2 fm/c, filled squares represent over-populated QGP cells at t = 0.2 fm/c, and
open triangles represent over-populated QGP cells at t = 3.0 fm/c. The circle is drawn as a
reference shape.
populated (open triangles) still occupy an area in the transverse plane almost as large
as that at t = 0.2 fm/c (filled squares), while the shape of overpopulated cells in the
transverse plane at t = 3.0 fm/c has a smaller spatial asymmetry than that at t = 0.2
fm/c.
In Fig. 13 I show the transverse areas of QGP cells and the transverse areas of
over-populated QGP cells as functions of time in different collisions. Note that each
cell here covers |η| < 1/2 along the beam direction. For all four collision systems, we
see that initially a significant fraction, roughly from 50% to 70%, of the QGP cells
are over-populated with partons. This fraction is higher for central collisions than
mid-central collision at the same energy and also higher for the LHC energy than the
RHIC energy at the same centrality. After 2-3 fm/c, however, all QGP cells are over-
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FIG. 13: (Color online) Transverse areas of QGP cells (AQGP) and transverse areas of QGP
cells that are over-populated (Aover−p) as functions of time for different collisions.
populated. Although the transverse area of QGP cells decreases monotonously over
time, the transverse area of over-populated cells does not change much and may even
slightly increase over the first several fm/c of time. One also sees that the areas in
central RHIC collisions are mostly bigger than the corresponding areas in mid-central
LHC collisions even though the peak temperature in central RHIC collisions is lower
(as shown in Fig. 10a), while the QGP phases in the two collision systems show a
similar lifetime.
E. Describing parton over-population with parton phase-space occupancy
factors
We can represent the over-population of partons with parton phase-space occupancy
factors. Let us introduce the following quantum phase-space distribution function for
QGP that has a zero baryon chemical potential but is off chemical equilibrium:
fnon−eqQGP (p) =
16γg
ep/T − 1 +
12Nfγq
ep/T + 1
, (14)
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where γg is the gluon phase-space occupancy and γq is the quark (and anti-quark)
phase-space occupancy. The above distribution gives the energy density as non−eq(T ) =
pi2(16γg + 10.5Nfγq)T
4/30. Since the effective temperature T〈pT〉 represents the shape
of the phase-space distribution, it will be used as temperature T in Eq. (14), and
matching non−eq(T〈pT〉) to the local energy density value  ≡ 3gBT 4 /pi2 enables us to
extract the gluon phase-space occupancy of each volume cell as
γg =
3
32
240(4 + 3Nf )
pi4
(
T
T〈pT〉
)4
− 7Nfγq
 . (15)
Alternatively we can use the following Boltzmann distribution function for a massless
QGP that is off chemical equilibrium:
fnon−eqQGP,B (p) = 16γge
−p/T + 12Nfγqe−p/T , (16)
which leads to the energy density as non−eqB (T ) = 12(4γg + 3Nfγq)T
4/pi2. Matching
non−eqB (T〈pT〉) to the local energy density value  ≡ 3gBT 4 /pi2 then yields the gluon
phase-space occupancy for Boltzmann distributions as
γg =
1
4
(4 + 3Nf )
(
T
T〈pT〉
)4
− 3Nfγq
 . (17)
As the gluon and quark composition of the partonic matter cannot be addressed
currently via the AMPT-SM model, the relationship between γg and γq is unknown.
However, since γq ∈ [0, 1] due to the Pauli exclusion principle, we can obtain the range
of γg as [γ
min
g , γ
max
g ], where γ
min
g is the value of γg for γq = 1 and γ
max
g is the value of
γg for γq = 0.
Fig. 14 shows the phase-space distributions of partons in the center cell of central
Pb+Pb collisions at 2760A GeV from the AMPT-SM results at two different times
(curves with circles). Also shown for comparisons are the quantum phase-space dis-
tributions of Eq. (14) (solid curves and dashed curves) and the Boltzmann distribu-
tion of Eq. (16) (dotted curves) for QGP in non-chemical-equilibrium at the corre-
sponding temperature T〈pT〉 (322 MeV at t = 0.2 fm/c and 138 MeV at t = 5 fm/c).
We see that all three non-chemical-equilibrium distributions in Fig. 14 describe the
AMPT-SM results much better than the chemical-equilibrium phase-space distribu-
tions shown in Fig. 11. We also see that the non-equilibrium quantum phase-space
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FIG. 14: (Color online) Phase-space distribution of partons in the center cell in central Pb+Pb
collisions at 2760A GeV versus momentum p from AMPT-SM a) at t = 0.2 fm/c, and b) at
t = 5.0 fm/c, in comparison with the corresponding non-equilibrium quantum distributions
of Eq. (14) at γg = γ
max
g & γq = 0 and at γg = γ
min
g & γq = 1 and the non-equilibrium
Boltzmann distribution of Eq. (16).
distributions for two sets of parton phase-space occupancies, (γg = γ
max
g , γq = 0)
and (γg = γ
min
g , γq = 1), are essentially the same; while the range of γg for the
non-equilibrium quantum distribution is [23.1, 25.1] for Fig. 14a and [11.1, 13.1] for
Fig. 14b. Since the Boltzmann distribution does not distinguish between bosons and
fermions, the non-equilibrium Boltzmann phase-space distribution fnon−eqQGP,B (p) (dotted
curves) is exactly the same for phase-space occupancies (γg = γ
max
g , γq = 0) and
(γg = γ
min
g , γq = 1); while the range of γg for the non-equilibrium Boltzmann dis-
tribution is [24.9, 27.2] for Fig. 14a and [11.9, 14.2] for Fig. 14b. We see that the gluon
phase-space occupancy can be much bigger than one. In addition, using the non-
equilibrium quantum or Boltzmann distribution does not affect the extracted range of
γg too much.
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FIG. 15: (Color online) Extracted range of µg, the gluon “chemical potential” parameter,
in over-populated cells along the impact parameter at t = 0.2 and 2.0 fm/c: a) for central
Pb+Pb collisions at 2760A GeV, and b) for mid-central Au+Au collisions at 200A GeV.
The gluon phase-space occupancy γg may be conveniently translated into the gluon
“chemical potential” parameter µg via the definition
γg ≡ e(µg/T<pT>). (18)
I can then obtain the range of µg as
[
µming , µ
max
g
]
that corresponds to the γg range
[γming , γ
max
g ]. Fig. 15 shows the extracted range of µg, which corresponds to the gluon
phase-space occupancy γg of Eq. (15) for the non-equilibrium quantum distribution, in
over-populated cells along the impact parameter axis at two different times for central
Pb+Pb collisions at 2760A GeV and mid-central Au+Au collisions at 200A GeV.
Although the quark and anti-quark phase-space occupancy γq cannot be determined,
we see that this does not lead to big uncertainties in the extracted gluon “chemical
potential” parameter µg. We also see that the gluon “chemical potential” is larger in
the inner part of the overlap volume and can reach 1 GeV in the very early stage of
central Pb+Pb collisions at LHC.
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V. DISCUSSIONS
The string melting version [10, 15] of the AMPT model only has quarks and anti-
quarks in the parton phase. This is not to be considered as physical though, since one
expects gluons to dominate the initial stage of ultra-relativistic heavy ion collisions
and gluons will also be produced from quark and anti-quark interactions. The lack of
gluons in the AMPT-SM model results from our inability to consistently address gluon
and quark productions from a strong color field [10]. However, the AMPT-SM model
enables us to include the energy from all the excited strings in the overlap volume
into the parton transport. For studies that depend more on the effect of partonic
scatterings instead of the composition of the partonic matter, such as studies of the
elliptic flow [15] and the pion interferometry [37], it is suitable to use the AMPT-SM
model. Since this study addresses the time evolution of parton flow, mean momentum
or energy, number density, and energy density, its results depend mostly on the effect
of partonic scatterings but not on the composition of the partonic matter. I then infer
from the effective temperatures T and T〈pT〉, which are extracted respectively from
the parton energy density and mean pT, that the high density matter in the inner
region of the overlap volume in these collisions are over-populated with partons (at
least over-populated with gluons), even though the AMPT-SM model has no gluons in
the parton phase. However, note that further studies, such as a consistent description
of the initial production of gluons and quarks from strong color fields, will be needed
to investigate whether this phase-space over-population is a general feature [2, 38] of
the QCD matter created in high energy heavy ion collisions. Currently I may conclude
that this is the feature of the parton system within the string melting version of our
microscopic transport model, which has been constrained to reproduce the bulk data
on the rapidity density, pTspectrum and elliptic flow at low pT.
The parton cascade in the AMPT model only includes elastic parton scatterings.
Including inelastic parton scatterings in the parton cascade [9, 35] would change the
space-time evolution of the dense parton matter and thus affect the transverse flow and
effective temperatures. However, since the initial condition from the AMPT-SM model
would not be affected by the subsequent parton scatterings, the results in this study at
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t = 0.2 fm/c would remain the same. Therefore the qualitative conclusions about the
mismatch among different effective temperatures and about the over-population in the
inner part of the overlap volume would not change; while the time evolutions of the
temperature mismatch and over-populated areas would be affected by inelastic parton
scatterings.
The space-time evolution data obtained from this study may serve as a bulk mat-
ter background for studies such as jet propagation and interactions with the partonic
matter within the JET Collaboration [23, 39] and beyond. The effective temperatures
extracted from the parton phase in the AMPT-SM model also provide a link to hy-
drodynamic models. Currently one may argue that T is a reasonable choice for the
effective temperature of the parton system, because it takes into account both the den-
sity and the mean momentum of the local parton system. Also, the essential variable
in the hydrodynamic approach is the local energy-momentum tensor, and using T en-
sures that the local energy distributions remain the same when the transport approach
is linked to the hydrodynamic approach. However, since the effective temperatures
depend on the variables from which they are extracted, further studies will be neces-
sary to address the uncertainty associated with this dependence. As we have seen, the
mismatch between T and T〈pT〉 could be attributed to an over-population of partons
in the dense matter, thus the uncertainty about the effective temperatures reflects the
uncertainty in the initial conditions for ultra-relativistic heavy ion collisions.
VI. CONCLUSIONS
I have studied the space-time evolution of the parton phase created in heavy ion
collisions at RHIC and LHC energies using the AMPT model with string melting,
which converts excited hadronic strings in the overlap volume into partons. Several
key parameters in the model have been tuned to reproduce the low-pT data on the pion
and kaon yields, pT spectra and elliptic flows. This way the space-time evolution from
the model is more reliable, and it may serve as a bulk matter background for studies
such as jet propagation and interactions with the partonic matter.
This study focuses on the effective temperatures in different volume cells within
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mid-spacetime-rapidity |η| < 1/2. Many events at the same impact parameter are
averaged over in order to have enough statistics for the analysis of each volume cell,
and as a result this study does not address the effect of event-by-event fluctuations.
Since the parton system in a subvolume is in general neither in full thermal equilib-
rium nor in full chemical equilibrium, the value of the effective temperature depends,
sometimes strongly, on the variable that it is extracted from. I have extracted effec-
tive temperatures from several different variables that are evaluated in the rest frame
of each cell. I find that temperature T extracted from the parton energy density is
often very different from T〈pT〉 extracted from the parton mean pT, and it is mostly
between T〈pT〉 and Tn extracted from the parton number density while being closer to
Tn. For these collisions I also find that T > T〈pT〉 over the inner part of the overlap
volume, which indicates that partons (at least gluons) are over-populated there. This
is also checked by examinations of parton phase-space densities, parton phase-space
occupancy factors, and the gluon “chemical potential” parameter. My results show
that at mid-spacetime-rapidity initially about half or more QGP cells, defined as cells
that are above a critical energy density of 1 GeV/fm3, are over-populated. The initial
fraction of over-populated cells is found to be bigger at higher energies and in more
central collisions. I also find that all QGP cells are over-populated after a couple of
fm/c, and the total transverse area of over-populated cells does not change much during
the first few fm/c.
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